The mechanism by which Chlamydia trachomatis is endocytosed by host cells is unclear. Studies of the kinetics of chlamydial attachment and uptake in the susceptible HeLa229 cell line showed that chlamydial endocytosis was rapid and saturable but limited by the slow rate of chlamydial attachment. To overcome this limitation and to investigate the mechanism of endocytosis, chlamydiae were centrifuged onto the host cell surface in the cold to promote attachment. Endocytosis of the adherent chlamydiae was initiated synchronously by rapid warming to 36 "C. Electron micrographs of chlamydial uptake 5 min after onset showed that chlamydial ingestion involves movement of the host cell membrane, leading to interiorization in tight, endocytic vacuoles which were not clathrin coated. Chlamydial ingestion was not inhibited by monodansylcadaverine or amantadine, inhibitors of receptor-mediated endocytosis and chlamydiae failed to displace [ 3H]sucrose from micropinocytic vesicles. Chlamydial endocytosis was markedly inhibited by cytochalasin D, an inhibitor of host cell microfilament function, and by vincristine or vinblastine, inhibitors of host cell microtubules. Hyperimmune rabbit antibody prevented the ingestion of adherent chlamydiae, suggesting that endocytosis requires the circumferential binding of chlamydial and host cell surface ligands. These findings were incompatible with the suggestion that chlamydiae enter cells by taking advantage of the classic mechanism of receptor-mediated endocytosis into clathrin-coated vesicles, used by the host cell for the internalization of P-lipoprotein and other macromolecules, but were consistent with the hypothesis that chlamydiae enter cells by a microfilament-dependent zipper mechanism.
The mechanism by which Chlamydia trachomatis is endocytosed by host cells is unclear. Studies of the kinetics of chlamydial attachment and uptake in the susceptible HeLa229 cell line showed that chlamydial endocytosis was rapid and saturable but limited by the slow rate of chlamydial attachment. To overcome this limitation and to investigate the mechanism of endocytosis, chlamydiae were centrifuged onto the host cell surface in the cold to promote attachment. Endocytosis of the adherent chlamydiae was initiated synchronously by rapid warming to 36 "C. Electron micrographs of chlamydial uptake 5 min after onset showed that chlamydial ingestion involves movement of the host cell membrane, leading to interiorization in tight, endocytic vacuoles which were not clathrin coated. Chlamydial ingestion was not inhibited by monodansylcadaverine or amantadine, inhibitors of receptor-mediated endocytosis and chlamydiae failed to displace [ 3H]sucrose from micropinocytic vesicles. Chlamydial endocytosis was markedly inhibited by cytochalasin D, an inhibitor of host cell microfilament function, and by vincristine or vinblastine, inhibitors of host cell microtubules. Hyperimmune rabbit antibody prevented the ingestion of adherent chlamydiae, suggesting that endocytosis requires the circumferential binding of chlamydial and host cell surface ligands. These findings were incompatible with the suggestion that chlamydiae enter cells by taking advantage of the classic mechanism of receptor-mediated endocytosis into clathrin-coated vesicles, used by the host cell for the internalization of P-lipoprotein and other macromolecules, but were consistent with the hypothesis that chlamydiae enter cells by a microfilament-dependent zipper mechanism.
I N T R O D U C T I O N
Chlamydiae are pathogenic bacteria which multiply within eukaryotic cells causing widespread human and animal disease. Infection begins with the endocytosis of the infectious chlamydial elementary bodies by host cells (Armstrong & Reed, 1964; Lawn et al., 1973) . Three main routes for the endocytosis of microbial pathogens have been identified. Endocytosis may be particle stimulated, with microfilaments playing a central role, as in phagocytosis (Silverstein et al., 1977) and the zipper hypothesis (Griffin et al., 1976) . Alternatively, the particle, utilizing thermodynamic forces, becomes wrapped in the plasma membrane, forming a tight-fitting endocytic vesicle (Patterson et al., 1979) . Finally, in the case of viruses, ingestion can be achieved by taking advantage of the normal mechanism of receptor-mediated endocytosis into clathrin-coated vesicles used by the host cell for the internalization of /I-lipoprotein and other physiologically important environmental proteins, a process which is independent of host cell microfilament function (Goldstein et al., 1979) . density gradient centrifugation on triosil (Salari & Ward, 1981) . The purified chlamydiae were suspended in cryoprotective sucrose/phosphate buffer (2SP), standardized to 4-8 x 1Olo particles ml -by dark-ground microscopy using a bacterial counting chamber, stored frozen at -196 "C, and their infectivity determined by titration on HeLa 229 cells (Salari & Ward, 1981 ; Murray & Ward, 1984) . Inocula were free of detectable contamination with host cell proteins on SDS-PAGE (Salari & Ward, 1981) . Transmission electron microscopy of negatively stained preparations or thin sections showed that the majority of the inoculum (>90%) consisted of elementary bodies and late intermediate bodies.
Preparation of radiolabelled chlamydiae. Chlamydiae were grown in HeLa 229 cells using threonine-deficient DMEM, containing 10% (v/v) foetal calf serum, 1 pg emetine ml-and 8 pCi (296 kBq) ~~-[~H ] t h r e o n i n e ml-I (Amersham). Emetine inhibits host cell protein synthesis by 80s ribosomes leaving chlamydial protein synthesis by 70s ribosomes unimpaired (Becker & Asher, 1972; Allan & Pearce, 1982) . A detailed description of the method has been published elsewhere (Murray & Ward, 1984) . The 3H-labelled chlamydiae were purified by triosil density gradient centrifugation and stored at -196 "C in 2SP (Salari & Ward, 1981) . A typical inoculum contained 2.5 x 1Olo chlamydiae and 2.8 x lo5 c.p.m. 3H mlMeasurement of chlamydial attachment. Adhesion of 3H-labelled chlamydiae to drug-treated (test) or untreated (control) cells was compared. HeLa 229 cells were grown overnight in DMEM to lightly confluent monolayers (approx. 5 x lo5 cells per well) in 24-well polystyrene tissue culture trays. Details of cell treatment in individual experiments are given in Results. Generally 3-8 replicate wells were used for each experimental variable and each well was inoculated with a standard inoculum of 3H-labelled C . trachomatis LGV 434 contained in 500 pl DMEM (2-3 mm fluid depth), with or without test agent. After incubation for 4-6 h at 36 "C in moist 5% (v/v) C 0 2 in air to permit attachment, each well was washed four times with 5 ml volumes of HBSS to remove unbound chlamydiae.
The cells were solubilized with 800 pl 1 % (w/v) SDS in 0.1 M-NaOH for 30 min at 36 "C and the radioactivity representing chlamydiae both attached to and ingested by the host cell was determined. Standard deviations of replicate counts were less than 3% of the mean counts; attachment to the polystyrene of the tissue culture wells was negligible.
Counting efficiency for 3H was 50-55%.
Measurement of chlamydial uptake. The method used was a modification of that of Byrne (1976) and has been described in detail previously (Murray & Ward, 1984) . Briefly, purified 3H-labelled LGV 434 were centrifuged at lOOOg for 1 h at 8 "C onto monolayers of HeLa 229 cells in 24-well tissue culture trays. At this temperature chlamydiae attach to the host cell surface but their uptake is prevented (Friis, 1972) . The supernatant medium was aspirated to remove non-adherent chlamydiae, replaced with fresh ice-cold tissue culture medium, then the trays were rapidly warmed and incubated at 36 "C for 30 min to promote chlamydial uptake. Surface-adherent chlamydiae were freed by incubation for 15 min at 36 "C in 0.125% (w/v) trypsin with 0.01 % (w/v) EDTA in PBS, separated from the cells by centrifugation at lOOg for 5 min in microtitration trays and the internalized 3H-labelled chlamydiae in the cell pellet determined by liquid scintillation counting. Trypsinization of the host cells directly after centrifugation removed 94% of the radioactivity due to the associated 3H-labelled LGV 434. Light and electron microscopy of thin sections of the challenged cells showed that the remaining 6% of the radioactivity was almost entirely due to chlamydiae inevitably ingested on warming to 36 "C for trypsinization. The method met the criteria of Stossel (1975) for the valid measurement of phagocytosis.
Measurement of chlamydiulgrowth. The effect of test agents on the infectivity of chlamydiae for HeLa 229 cells was determined by measuring chlamydial ~~-[~H ] t h r e o n i n e uptake in the presence of emetine over a 40 h period as previously described (Ward & Salari, 1982; Murray & Ward, 1984) . Small changes in chlamydial numbers produced statistically significant (P < 0.01) changes in chlamydial threonine uptake with a simple, curvilinear relationship between the two (Murray & Ward, 1984) .
Control of cell numbers and viability. Many experiments involved the use of potentially cytotoxic drugs or large inocula of chlamydiae. Preliminary dose-response experiments were performed to minimize any possible cytotoxicity problems. In these experiments the cell monolayers were examined by phase-contrast microscopy for evidence of cell loss or morphological changes. If there was any suspicion of cell loss, treated and untreated (control) cells were fixed for 10 min at room temperature with absolute methanol, washed with PBS then stained for 30 rnin at room temperature with a filtered solution of 0.18% (w/v) safranin 0 (BDH, colour index 50240) in distilled water. Unbound dye was removed by four successive washes over 15 min with distilled water and the stained cells were solubilized with 1 % (w/v) SDS in 0.1 M-NaOH for 30 rnin at 36 "C. The OD492 of the resulting solution was determined in 96-well microtitration trays using an automated ELISA spectrophotometer (Titertek Multiskan, Flow Laboratories). There was a linear relationship between cell numbers and OD492 within the range 0.1-0.8, corresponding to 7 x lo4-5 x lo5 cells per well, with a standard deviation for eight replicate samples less than 5 % of the mean. Cell viability was determined by incubating PBS-washed monolayers for 10 rnin at room temperature in 0.1 % (w/v) trypan blue (BDH, colour index 23850) and counting the number of stained 'dead' cells by phase-contrast microscopy amongst a total of 500 cells.
Electron microscopy. Cell monolayers adherent to 24-well tissue culture trays were fixed at 0 "C in 1 % (v/v) glutaraldehyde in 0.1 M-cacodylate buffer pH 7.2, post-fixed in osmium tetroxide followed by uranyl acetate then dehydrated in ethanol. The monolayer was removed intact from the substratum by brief treatment with 2-epoxypropane (BDH) and flat-embedded in Spurr low-viscosity epoxy resin (Taab Laboratories, Reading, UK). Trypsinized cell suspensions were processed in 1.5 ml microcentrifuge tubes and embedded in 1.5% (w/v) Ionagar no. 2 (Oxoid) in distilled water after fixation but prior to dehydration and embedding. Some cell monolayers were stained with 1 % (w/v) collodial thorium hydroxide (Polysciences, Moulton Park, Northampton, UK) in 3% (v/v) acetic acid for 24 h at room temperature after glutaraldehyde fixation to delineate the host cell glycocalyx (Ward et al., 1975) . Other monolayers were fixed with tannic acid to accentuate clathrin (Aggeler & Werb, 1982) . In some experiments purified horse ferritin (Miles, Stoke Poges, UK) or horse radish peroxidase (Sigma, grade VI) at 1 mg ml-were added to DMEM during chlamydial uptake. Peroxidase was demonstrated with diaminobenzidine (Graham & Karnovsky, 1966) after minimal fixation of the cells for 15 rnin at room temperature with 0.1 % (v/v) glutaraldehyde in 0.1 M-phosphate pH 7.2. Preparations were sectioned with a diamond knife, stained with Reynold's lead citrate as appropriate and examined with a Philips EM300 transmission electron microscope.
Daraprocessing. Statistical analysis of experimental data was performed using a program of 14K bytes written in this laboratory for a Commodore 4032 microcomputer. Arithmetic accuracy of the program was verified using test data published by Cooke et al. (1982) .
R E S U L T S

Kinetics of chlamydial attachment and uptake
To determine the rate of chlamydia-HeLa cell association, monolayer cell cultures were incubated for various times at 36°C with 3H-labelled LGV434 at a ch1amydia:cell ratio of 160: 1 (Fig. 1 ). Chlamydial association with the host cells was slow, the maximum association rate of eight chlamydiae per cell h-occurring over the first hour of incubation. After 18 h only 35 % of the inoculum was cell-associated. By contrast, when chlamydiae were first centrifuged LGV 434 at a chlamydia:cell ratio of 160: 1. At the times indicated, duplicate monolayers were washed and the radioactivity due to cell-associated chlamydiae determined. Points plotted are the means of the duplicate samples and the experiment was performed twice. Maximum rate of chlamydiae-HeLa cell association was eight chlamydiae per cell h-l .
Fig. 2. Kinetics of ingestion of C. trachomatis
LGV434 by HeLa229 cells. 3H-labelled LGV434 in HEPES-buffered DMEM (40 chlamydiae per cell) were centrifuged at 8 "C for 1 h at l O O O g to promote attachment to replicate coverslip cultures of HeLa 229 cells in 5 ml tubes. The supernatant medium was aspirated and replaced with 1 ml HEPES-DMEM per tube at 0°C. Uptake was initiated by rapid warming to 36 "C (zero time). At the times indicated, three replicate monolayers were digested with trypsin-EDTA to elute adherent, non-ingested chlamydiae, the cells were centrifuged at l O O g , 0 "C for 5 min and radioactivity in the cell pellets due to ingested chlamydiae was determined. Points plotted are the means of three replicate samples; the experiment was performed three times with different levels of inocula with essentially similar results. The data show that chlamydial ingestion was rapid and virtually maximum after 30 min incubation, with 10 chlamydiae ingested per cell.
onto the host cells at 8 "C to promote attachment then warmed to 36 "C (time zero) to synchronously initiate uptake, it was found that ingestion was virtually complete after only 30 min incubation (Fig. 2) , the earliest sample time chosen in this experiment. At this point 24% of the inoculated chlamydiae were intracellular. Subsequent electron microscope observations suggest that the remaining cell-associated organisms were not ingested because they failed, despite centrifugation, to achieve contact with a sufficient area of cell membrane. Clearly, HeLa cells were capable of rapidly ingesting large numbers of adherent chlamydiae, but the rate of chlamydial infection in this model must be limited by the slow rate of chlamydial attachment.
Ultrastructural features of chlamydia1 endocytosis
Electron microscopic observations were made to determine the morphological features of chlamydial endocytosis. For these observations relatively large numbers of purified chlamydiae were inoculated (2000 per cell) in order to permit adequate visualization of the initial stages of uptake. There was no evidence from microscopic observation or trypan blue dye exclusion that this number of chlamydiae per cell was cytotoxic. The only unusual feature was the development of abnormally large inclusions 24 h after chlamydial challenge, due to infection of the cells by multiple elementary bodies. To promote attachment chlamydiae were again centrifuged onto the host cell membrane in the cold. Electron microscopy ( Fig. 3a) showed that at this stage both infectious and degenerate forms of chlamydiae were loosely associated with the host cell surface and there was no evidence of ingestion. Uptake was initiated synchronously by placing the cells in a 36 "C water bath (time zero) and after 5 min incubation chlamydiae in the process of ingestion were observed. In some cases ingestion was accompanied by the production of microvillous processes which appeared to loosely enfold adherent elementary bodies (Fig. 3b) . In the Chlamydiae (arrowed) loosely associated with the host cell surface after centrifugation for 1 h at 8 "C.
At this temperature none of the chlamydiae were ingested. (6) The challenged cells were warmed to 36 "C for 5 min to promote chlamydial uptake. The chlamydiae are being engulfed by microvillous processes of the host cell surface. (c) Adhesion of chlamydiae to the host cell membrane was followed by the formation of a tight-fitting endocytic cup. (d) In tannic acid fixed preparations clathrin-coated pits and (e) clathrin-coated vesicles were readily observed but were not associated with chlamydial ingestion. (f) After 5 min at 36 "C numerous ingested chlamydiae could be seen (arrows) lying between periplasmic and cytoplasmic bundles of microfilaments (mf). (s) When the host cell surface was tagged with granular thorium hydroxide the endocytic membranes (arrowed) were not labelled, showing that the chlamydiae were genuinely intracellular. The bar markers represent: (a) 5 pm, (6) and (c) 1 pm, (d) and (e) 0.1 pm, (f) 5 pm, and (9) 1 pm. neighbourhood of these sites intracellular chlamydiae lying in relatively large, fluid-filled endocytic vacuoles were seen. More commonly, chlamydiae were closely engulfed by the host cell surface (Fig. 3 c) and were associated with tight endocytic vesicles. Clathrin-coated pits ( Fig. 3 d ) and vesicles ( Fig. 3e) were readily observed in these tannic acid fixed preparations but the characteristic clathrin was never seen in association with either the cell membrane at sites of chlamydial ingestion or with chlamydial endocytic vesicles. Large numbers of ingested chlamydiae were present close to the cell surface between regions of dense microfilament accumulation (Fig. 3 f ) . To ensure that such organisms were genuinely intracellular and not simply lying in transversely sectioned invaginations of the host cell surface, some preparations were treated with colloidal thorium immediately after glutaraldehyde fixation. Colloidal thorium binds to strongly cationic groups on the host cell surface but does not penetrate the intact cell. The complete absence of electron-dense thorium particles associated with chlamydiacontaining endosomes and its presence at the host cell surface (Fig. 3g) conclusively proved that these organisms were intracellular. After 5 min incubation, the number of chlamydiae internalized in 40 randomly selected cells in an ultra-thin section of a thorium-treated preparation was 32 % of the number of cell surface-associated chlamydiae. In some preparations microtubules were observed apparently enveloping chlamydial endocytic vesicles, suggesting that ingestion may require depolymerization of microtu bules followed by their repolymerization. By 30 min, large numbers of chlamydiae had been ingested by the host cell (Fig. 4a) and were lying in tight endocytic vesicles in the host cell cytoplasm (Fig. 4b) . In regions of the cell where chlamydial uptake was heavy, endocytic vacuoles containing multiple chlamydiae were observed (Fig. 4c) . These were much less common at 5 min and may have been formed by the fusion of individual endocytic vesicles containing a single chlamydia. When peroxidase (40000 Dal) was present in the extracellular medium during uptake, the enzyme became incorporated between the chlamydial surface and the host cell membrane (Fig. 4 d ) in some 40% of the endocytic vesicles. Under similar circumstances the much larger ferritin (450000 Dal) was totally excluded.
M . E . W A R D A N D A . M U R R A Y
The role of receptor-mediated endocytosis
The fact that chlamydial endocytic vesicles were not clathrin-coated indicated a mechanism of uptake different to the receptor mediated endocytosis of Semliki Forest and other viruses. Thus it would be expected that monodansylcadaverine or amantadine, inhibitors of the receptor-mediated endocytosis of Semliki Forest and other viruses (Schlegel et al., 1982; Talbot & Vance, 1982) should have no effect on chlamydial uptake. This hypothesis was tested experimentally by determining the effect of monodansylcadaverine on chlamydial attachment and ingestion. Lightly confluent, replicate monolayers of HeLa 229 cells were treated for 1 h at 36 "C with 50-500 ~.LM inhibitor before chlamydial challenge and the inhibitor was maintained on the cells throughout the experiment (Tables 1 and 2 ). At concentrations up to 500p~, monodansylcadaverine had no effect on either chlamydial attachment (Table 1) or on ingestion (Table 2) . Another inhi bitor of receptor-mediated endocytosis, amantadine hydrochloride, also had no significant dose-related effect on chlamydial attachment or uptake over the range * Cells in 24-well trays were treated with inhibitor at the indicated concentrations throughout the experiment.
Mean of three replicates. Cells were inoculated with 3H-labelled LGV 434 (280 chlamydiae per cell) and Safranin 0 dye uptake showed there were 5 x los cells in untreated wells and a minimum 3.4 x los cells after incubated for 4.5 h at 36 "C.
incubation in 500 p~ inhibitor. Number of chlamydiae adherent per cell has been corrected for cell loss. 1-5 mM in parallel experiments (data not shown). These results, together with the electron microscopic observations, provide strong evidence that the constitutive, clathrin-dependent, primary amine-inhibitable, receptor-mediated endocytosis mechanism utilized by a wide variety of viruses is not a significant route for chlamydial endocytosis.
The effect of chlamydia1 endocytosis on fluid-phase ingestion by host cells If chlamydiae stimulate widespread endocytosis by the host cell, this would be reflected in a concomitant increase in fluid-phase ingestion. On the other hand, if chlamydiae passively enter vesicles synthesized by the host cell in the normal process of receptor-mediated endocytosis, this would be reflected in a reduction in fluid uptake resulting from the volume displaced by the chlamydiae. To investigate this concept, endocytosis was measured using [3H]sucrose, a low molecular weight marker of the extracellular fluid which does not penetrate intact cell membranes but which is taken into host cells at a constant rate by micropinocytosis (Marsh & Helenius, 1980) . Purified 3H-labelled LGV 434 were centrifuged onto replicate monolayers of HeLa 229 cells in the cold at a ratio of 250-5000 chlamydiae per cell. The supernatant medium was replaced with ice-cold medium containing [3H]sucrose with a large excess of unlabelled sucrose, uptake was stimulated by warming to 36 "C and cell-associated radioactivity due to [ 3H]sucrose ingestion was determined after 30 min ( Table 3) . As the chlamydial inoculum was increased there was a small but significant (P < 0.001) linear increase in sucrose uptake above that due to the normal, constitutive level of incorporation. In eight separate experiments using different batches of 3H-labelled LGV 434, the mean proportion of the inoculated chlamydiae endocytosed after 30 min was 35 %. On this basis, the mean volume of fluid endocytosed as each chlamydial particle was ingested was calculated as 64 a1 (6.4 x 10-1). This figure was in broad agreement with the electron microscope observations, although it was not possible to accurately calculate the fluid volume from the latter.
Involvement of cell surface receptors in chlamydial attachment and uptake If host cell surface receptors are required for chlamydial attachment or uptake it should be possible to demonstrate competition between chlamydiae for these receptors. Accordingly, the ability of purified, non-radiolabelled LGV 434 to modify the attachment or uptake of a standard inoculum of 3H-labelled LGV434 was examined. In the first of these experiments 0-10000 LGV 434 per cell were permitted to compete in suspension with a constant 287 3H-labelled LGV 434 per cell for attachment sites on the host surface. After 5 h random association at 36 "C in the absence of unlabelled chlamydiae, 23 chlamydiae were bound per cell (8% of the inoculum). In the presence of increasing concentrations of unlabelled chlamydiae, the proportion of radioactive chlamydiae binding to the cells increased significantly in a dose- t Probability on a 1-tail t test that cell-associated 3H-labelled LGV 434 was increased compared to the control.
Two-way analysis of variance showed variance between treatments was highly significant (P < 0.001) whilst variance within replicates was not significant (P > 0.05).
dependent manner (Table 4) . This increase was probably due to interaction between the chlamydial particles in suspension (aggregation) rather than any chlamydial-induced metabolic effect on the host cells, as it was still observed, to a lesser extent, when the experiment was repeated at 0 "C (data not shown). The important feature of this experiment was that there was no evidence that unlabelled chlamydiae competitively inhibited the random attachment of the homologous radiolabelled organisms to the host cell. However, it could be argued that as chlamydial attachment to HeLa cells by random association is inefficient there were insufficient non-radioactive chlamydiae attached to each cell to saturate the receptors. Accordingly, the experiment was repeated, but the unlabelled chlamydiae were first centrifuged onto the host cell surface before adding the radiolabelled organisms. The presence of up to 5000 unlabelled LGV434 on each cell made no significant difference to the proportion of the 3H-labelled LGV 434 inoculum attaching to the cell (9.95%) by random association after 5 h incubation at 36 "C (data not shown). However, one possibility was that at 36 "C attachment receptors were regenerated as adherent chlamydiae were ingested by the cell. This was not the case, as when the experiment was repeated at 0°C to prevent uptake but permit attachment, unlabelled chlamydiae up to 5000 per cell again did not inhibit the attachment of homologous radiolabelled organisms (data not shown). Thus there was no evidence of competition between 3H-labelled and non-labelled LGV434 for specific attachment sites on the host cell surface. By contrast, when varying numbers of unlabelled chlamydiae were centrifuged onto the host cell surface at 8 "C along with a constant number of 3H-labelled chlamydiae, the non-radioactive organisms competitively inhibited uptake in a dose-dependent manner (Table 5 ) suggesting that the mechanisms of attachment and uptake were distinct.
Role of the host cytoskeleton in chlamydial endocytosis
The lack of evidence for the receptor-mediated endocytosis of chlamydiae re-opened the question whether chlamydial ingestion is dependent on the host cytoskeleton. This question was tested using cytochalasins B and D as inhibitors of microfilament function, and vinblastine, vincristine and colchicine as microtubule inhibitors. Replicate monolayers of HeLa 229 cells were treated with inhibitor for 1 h before chlamydial challenge. Inhibitors were present throughout the experiments because of the known reversibility of their action. Any effect of the inhibitors on cell numbers or viability was determined at the end of the experiment by safranin 0 staining or trypan blue dye exclusion, respectively. Light and scanning electron microscopy showed that cytochalasin D, but not B, had a marked morphological effect on HeLa cells, causing them to round up but not detach from the substratum. Cell numbers (safranin 0 staining) and cell viability (trypan blue dye exclusion) were not affected by any of the inhibitors in these relatively short-term experiments. Both cytochalasins B and D caused a significant reduction in chlamydial adherence (P < 0.01) but microtubule inhibitors had comparatively little effect (Table 6 ). Chlamydia1 ingestion (Table 7) was reduced by 51 % by cytochalasin D treatment, but cytochalasin B was less effective. Vinblastine and vincristine reduced chlamydial ingestion by 47 % and 44%, respectively, but colchicine was relatively ineffective. These results suggested that microfilaments were involved in both attachment and uptake whilst microtubules were important for uptake alone. The overall effect of cytochalasins B and D on chlamydial infectivity for HeLa cells was tested by incubating replicate cell monolayers for 48 h at 36 "C with the inhibitors, then measuring chlamydial-dependent [3H]threonine uptake. This long-term cytochalasin B or D treatment caused cell loss of 13 % and 3 1 %, respectively, from the monolayers. The mean chlamydial-dependent [ 3H]threonine incorporation standard deviation for four replicates in infected, untreated cells was 31 1910 f 23240 c.p.m. This was reduced by 33% and 79%, respectively, by cytochalasin B or D treatment (1-0 pg ml-I), to 
trachomatis LG V 434 by HeLa 229 cells
Replicate monolayers of HeLa 229 cells were incubated for 1 h at 36 "C with inhibitor in DMEM buffered with 20 mM-HEPES at pH 7.2. 3H-labelled LGV 434 (140 chlamydiae per cell) were centrifuged onto the cells at 8 "C for 1 h in inhibitor-containing HEPES-DMEM. Adherence of chlamydiae to the cells following centrifugation was not affected by the inhibitor treatment. Fresh inhibitorcontaining medium was added, the cells were incubated at 36 "C for 30 min to promote uptake, and the radioactivity due to intracellular chlamydiae was determined. * Mean of six replicates (+95% confidence interval for population mean). The experiment was performed twice. All inhibitors each significantly reduced chlamydial ingestion compared with the untreated control (1-tail t test, P<O.Ol).
208 100 2590 c.p.m. Thus, allowing for cell loss, cytochalasin D markedly reduced chlamydial infectivity for HeLa cells but cytochalasin B was only slightly inhibitory.
190 and 65 380
Requirement for circumferential enguvment of the chlamydial surface by the host cell membrane
The close interaction between the chlamydial and host cell surfaces during ingestion, and the participation of host cell microfilaments, suggested that chlamydial ingestion occurred as a result of sequential binding of the host cell membrane to the chlamydial surface brought about by long-range forces generated by microfilament activation. To explore this possibility, purified 3H-labelled LGV 434 were centrifuged at 8 "C onto replicate HeLa 229 monolayers to promote attachment. Any non-attached chlamydiae were aspirated and the medium replaced with cold Table 8 . Effect of rabbit hyper-immune LGV 434 antibody bound asymmetrically to the chlamydial surface at points distal to the site of chlamydia1 attachment to the host cell on the ability of HeLa cells to ingest chlamydiae 3H-labelled LGV 434 were centrifuged for 1 h at 1000 g and 8 "C onto monolayers of HeLa 229 cells. Medium was replaced with ice-cold HBSS containing the indicated concentration of rabbit LGV 434 antiserum or pre-immune serum from the same animal, and incubated for 1 h at 0 "C to permit antibody binding, then at 36 "C for 30 min to promote uptake. 10.4 0.1 1 * Mean of four replicates (k 95% confidence interval for the population mean). The experiment was repeated t Percentage reduction in uptake due to antiserum compared with the corresponding pre-immune serum.
$ Probability on a 1-tail t test that 3H-labelled LGV 434 uptake was significantly reduced compared with corresponding pre-immune control. Two-way analysis of variance showed that variance between antibody treatments was highly significant (P < 0.01) whilst variance within replicates was not significant (P > 0.05). Variance between pre-immune serum treatments or within replicates was not significant (P> 0.05).
three times.
DMEM containing dilutions of hyperimmune rabbit anti-LGV 434 serum (test) or the same concentration of pre-immune serum (control). After incubation on ice for 1 h to permit antibody binding, the cells were rapidly warmed to 36 "C and the uptake after 30 min incubation determined (Table 8) . It was assumed that antibody would be unable to bind at points where chlamydiae were tightly adherent to the host cell, but would be free to bind elsewhere to the chlamydial surface. This concept was supported by the fact that antibody failed to elute bound chlamydiae from the host cell surface but was difficult to verify directly by electron microscopy as, by the same reasoning, immuno-gold-labelled reagents were unlikely to penetrate regions of tight chlamydial adhesion to the host cell. The results (Table 8) showed that pre-immune serum at high concentrations had little effect on chlamydial uptake. By contrast, hyperimmune serum from the same animal at comparable concentrations blocked chlamydial uptake to a significant extent (P < 0.01) in a dose-dependent manner. A requirement for high levels of specific antibody in the absence of complement to neutralize the infectivity of C. trachomatis in suspension for tissue culture cells was reported by Caldwell & Perry (1982) . This experiment shows that high levels of polyclonal antibody are capable of blocking the ingestion of chlamydiae already adherent to the cell surface. The most plausible explanation is that antibodies bound to the chlamydial surface at points distal to the site of chlamydial attachment block chlamydial ingestion by inhibiting sequential circumferential binding of the host cell surface to the adherent chlamydia.
D I S C U S S I O N
Chlamydial attachment is an essential prerequisite to ingestion. Chlamydial attachment is slow, with only 35% of the inoculum cell-associated after 18 h incubation under conditions designed to maximize chlamydial-host cell interaction. One explanation might be that association of chlamydiae with the cell surface is relatively weak, time being necessary to stabilize chlamydial attachment by the formation of multiple binding sites. Multipoint binding would be facilitated by movement of the cell membrane immediately adjacent to the chlamydial particle, as shown by electron microscopy (Fig. 36, c) . This membrane movement probably involves microfilaments, as attachment was inhibited by cytochalasin, but it might also utilize thermodynamic forces. Theoretical considerations suggest that invagination of the cell membrane following the attachment of influenza virus (Patterson et al., 1979) or other polyvalent ligands minimizes the change in free energy and is thus the most stable configuration for the host cell membrane to adopt. It is not clear to what extent such a model can be extended to the much larger chlamydial elementary body. In the HeLa cell model, binding of C. trachomatis LGV 434 to the cell surface probably involves non-specific forces, as large numbers of unlabelled chlamydiae (5000 per cell) brought into contact with the host cell surface failed to compete for host cell attachment sites used by the homologous radiolabelled organism at either 0 "C or 36 "C. Non-specific mechanisms of attachment might be advantageous in uivo, serving to enhance the range of cells susceptible to chlamydial infection. In the HeLa cell model the slow rate of chlamydial attachment severely limits the rate of chlamydial uptake, so that ingestion occurs over a wide range of time. The approach in this study was to first promote chlamydial adhesion to the cell surface in the cold by centrifugation and then to synchronize uptake by rapid warming to 36 "C. Centrifugation promotes chlamydial attachment mechanically, helps overcome electrostatic barriers to attachment and may even partially offset the neutralizing effect of antibody (Ainsworth et al., 1979) . This approach assumes that the mechanism of chlamydial ingestion following centrifugation is identical to that following random adhesion of chlamydiae in the normal manner to the cell surface. In support of this concept, electron microscopic observations in this laboratory show that the morphological features of chlamydial ingestion were identical, irrespective of whether attachment was by random contact or by centrifugation. Ingestion of radiolabelled chlamydiae was competitively inhibited in a dosedependent manner by large numbers of unlabelled chlamydiae. This could be interpreted as evidence that chlamydial ingestion, but not attachment, requires the participation of a limited number of host-cell receptors. However, the synchronous uptake of particles as large as chlamydiae must involve the endocytosis of considerable amounts of the host cell surface over a short period of time. Thus competitive inhibition of chlamydial ingestion might simply reflect a limited ability of the host cell to recycle endocytosed membrane back to the cell surface.
Soderlund & Kihlstrom (1983) suggested that chlamydiae take advantage of the host cell receptor-mediated endocytosis of external protein into clathrin-coated vesicles in a similar manner to vesicular stomatitis, Semliki Forest and other viruses (Marsh 8z Helenius, 1980; Schlegel et al., 1982; Talbot & Vance, 1982) . The evidence for this hypothesis was that monodansylcadaverine and methylamine, compounds widely regarded as inhibitors of receptormediated endocytosis, reduced the ingestion of c hlamydiae by loosely confluent McCoy cells but not by confluent cells. Characteristically, endocytosis via clathrin-coated vesicles is fast, efficient, saturable, receptor-dependent (Fries & Helenius, 1979 ; Goldstein et al., 1979 ) and insensitive to agents like cytochalasins which disrupt the host cytoskeleton (Marsh & Helenius, 1980) . Binding of a protein ligand to its receptor at the surface of a clathrin-coated pit is thought to be stabilized by the formation of a covalent E-(y-glutamy1)-lysine cross-bridge by the action of cell surface transglutaminase. This enzyme is inhibited by primary amines including monodansylcadaverine and amantadine (Folk, 1980; Leu et af., 1982) . Certainly these and related compounds block the entry of vesicular stomatitis and other viruses into host cells (Schegel et al., 1982; Talbot & Vance, 1982 ) although their precise mode of action is still being defined. In this study chlamydial uptake did not meet sufficient of these criteria to be considered as analogous to the receptor-mediated endocytosis of Semliki Forest virus. Electron micrographs of the earliest stages of chlamydial endocytosis failed to reveal a clathrin coat on chlamydial endocytic vesicles even though clathrin-coated vesicles were readily demonstrable in the same tannic acid-fixed preparations. Chlamydiae are much larger than clathrin-coated vesicles and in vitro associate with naked but not coated McCoy cell membrane vesicles (Gregory, 1983) . Unlike Semliki Forest virus, chlamydiae failed to reduce the basal rate of fluid uptake using [3H]sucrose as the non-permeant fluid-phase marker, showing that they do not enter and displace fluid from pinocytic vesicles. Moreover, inhibitors of receptor-mediated endocytosis such as monodansylcadaverine did not block chlamydial ingestion in confluent monolayers of HeLa 229 cells or in McCoy cells (Soderlund & Kihlstrom, 1983) . Taken together, these data suggest that entry of chlamydiae into clathrin-coated vesicles is not a major route for chlamydial endocytosis.
M . E . W A R D A N D A . M U R R A Y
Binding of chlamydiae to the host cell surface does not increase the ability of the cells to endocytose other micro-organisms (Bose & Mudd, 1981) nor in this study was there evidence for the triggering of a generalized host cell endocytic response following attachment of a threshold number of chlamydiae. Chlamydia1 infectivity is limited only by the probability of an infectious elementary body binding to a hitherto uninfected cell (Murray & Ward, 1984) . Rather, the host cell membrane responds locally to the presence of an adjacent, bound chlamydial particle in an analogous fashion to the ingestion of opsonized erythrocytes by mouse macrophages. In this macrophage model, ingestion required tight, circumferential, multi-point binding of the host cell membrane to ligands on the particle surface, the so-called 'zipper' mechanism (Griffin et al., 1975 (Griffin et al., ,1976 . This paper shows that chlamydiae had similar requirements for ingestion. The close interaction of chlamydiae with the host cell membrane was demonstrated by electron microscopy (Figs 3c and 4b) and by the minute volume of the external fluid phase (64 a1 for each vesicle) ingested with chlamydiae calculated from [3H]sucrose uptake data. The fact that large amounts of antibody bound to the chlamydial surface at sites distal to the points of chlamydial attachment to the host cell inhibited ingestion suggests that chlamydial uptake requires the sequential binding of the HeLa cell membrane to chlamydial surface ligands.
The importance of microfilaments in chlamydial endocytosis has been confused by the general observation that pre-treatment of host cells with the microfilament inhibitor cytochalasin B has little effect on chlamydial development (Sompolinsky & Richmond, 1974; Stirling & Richmond, 1977; Kuo, 1978; Gregory et al., 1979; Lee, 1981) . In this study, cytochalasin B also had little effect on chlamydial development as measured by cumulative chlamydial [3H]threonine uptake 42 h after challenge, but such long-term measurements of overall chlamydial infectivity do not exclude changes in the rate of attachment or uptake. Recent studies on the effects of cytochalasin B on actin-myosin association at particle binding sites show that the effect of this inhibitor is to reduce the bulk polymer strength of the network affecting the propagation of long-range forces at the membrane. Nevertheless, these forces are still sufficient to permit the uptake of particles less than 600nm in diameter, including chlamydiae (Painter et al., 1981) . The work reported here shows that cytochalasin D, an inhibitor which acts by disrupting microfilament structure and which is much more active than cytochalasin B (Casella et al., 1981) caused a marked inhibition of chlamydial uptake. This involvement of the cytoskeleton in chlamydial endocytosis might explain the observation that cGMP and CAMP stimulate or inhibit, respectively, HeLa cell susceptibility to chlamydial infection (Ward & Salari, 1982) ' as cyclic nucleotides also affect the assembly and function of both microfilaments and microtubules (Dedman et al., 1979) . Moreover, calmodulin inhibitors like trifluoperazine prevent microfilament contraction by blocking the action of myosin lightchain kinase (Salisbury et al., 1981) , and also inhibit chlamydial endocytosis by HeLa cells (Murray & Ward, 1984) . Microtubules serve as anchorage points for microfilaments and thus participate indirectly in the generation of contractile forces at the cell surface. Vinblastine and vincristine disrupt the structure of preformed microtubules, giving rise to characteristic paracrystalline arrays (Olmsted & Borisy, 1973) which were observed by electron microscopy in this study. These alkaloids inhibited chlamydial uptake but not attachment. Colchicine does not form paracrystalline arrays but alters the dynamic equilibrium between monomeric and polymeric tubulin (Margolis & Wilson, 1977) and was a much less effective inhibitor of chlamydial uptake. Interestingly, the ability of cytochalasins B and D to block chlamydial attachment was independent of microtubules and thus may have been due to drug-induced alterations in the surface area of the cells available for attachment.
The studies reported here suggest that in this HeLa cell model, chlamydiae bind to cell membranes by multiple, weak and probably non-specific interactions. Ingestion occurs following sequential, circumferential binding of the host cell membrane to the chlamydial surface, with membrane mobility limited to the area adjacent to the particle and probably generated by both thermodynamic forces and microfilaments. Thus chlamydial ingestion resembles microfilament-dependent rickettsia1 uptake (Wisseman, 198 1 ; Winkler & Miller, 198 1) and not the recently described mechanisms of receptor-mediated endocytosis for virus uptake. The role of the chlamydiae in this process is probably not entirely passive. Byrne & Moulder (1978) reported that chlamydiae enter cells between 10 and 100 times faster than Escherichia coli or polystyrene latex beads, although it could be argued that this comparison is invalid. Chlamydia1 surface properties probably favour non-specific interactions between the organism and the host cell (Ward, 1983) . Moreover, the possibility that chlamydiae recognize specific adhesins on the surface of target ocular and genital tract epithelia cannot be excluded. Nevertheless it seems unlikely that chlamydiae play an active metabolic role in their own ingestion because ultra-violet-irradiated chlamydiae or chlamydial outer envelope preparations are ingested with reasonable efficiency (Lee, 198 1 ; Eissenberg et al., 1983) . The important accessory role of microfilaments in chlamydial ingestion suggests a mechanism by which movement or displacement of Ca2 + at the cell membrane induced by chlamydial binding (Ward & Salari, 1982 ) might lead to activation of calmodulin-dependent myosin light-chain kinase resulting in local, microfilament-generated, movement of the host cell surface. Such a mechanism would explain the blocking action of calmodulin inhibitors on chlamydial ingestion (Murray & Ward, 1984) and is not entirely without precedent. In polymorphonuclear leukocytes, hyperpolarization of the cell membrane following particle binding is thought to initiate phagocytosis (Korchak & Weissman, 1978) , and it seems likely that a similar mechanism may act to trigger chlamydial endocytosis.
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